ABSTRACT This experiment determined the effects of different phosphorus (P) feeding programs on total and water-soluble P excretion by broilers. Ross 308, male broilers were fed an industry ( 
INTRODUCTION
Substantial controversy exists around the issue of feeding practices to improve P retention and the possibility of increasing the proportion of water-soluble P relative to total P in broiler litter. Much of the controversy extends from a report by DeLaune et al. (2001) . In that report, runoff from tall fescue field plots fertilized with litter from broilers fed diets with phytase during a rainfall simulation had greater water-soluble P concentrations. Additionally, there was a significant increase in soluble P concentrations in the runoff from plots fertilized with litter from birds fed low-phytate corn compared to controls but not from that from birds fed low-phytate corn with supplemental phytase.
Contrary to the report of DeLaune et al. (2001) , Moore et al. (1998) To whom correspondence should be addressed: applegt@ purdue.edu.
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Diets were fed to six replicate pens of 39 birds per pen. Litter samples were collected at 49 d of age and frozen prior to analyses. Diet did not significantly affect broiler performance (average BW at 49 d = 3.03 kg), tibia, or toe ash throughout the study (P > 0.05). Litter from broilers fed the IND diet was significantly higher (P ≤ 0.05) in total and water-soluble P (1.11 and 0.22% of DM, respectively) compared with litter from broilers fed IND+PT (0.84 and 0.14% of DM, respectively), REQ+P (0.78 and 0.11% of DM, respectively), or LPA+PT (0.64 and 0.12% of DM, respectively). Litter total and water-soluble P were not significantly different among broilers fed IND+PT, REQ+PT, or LPA+PT. In conclusion, phytase supplementation did not affect the solubility of P in the litter regardless of P feeding program.
tions in total and soluble P concentrations in broiler litter when phytase was added to normal corn or lowphytate corn diets for two flocks. The litter was then applied to fescue test plots at similar application rates. Total and soluble P in runoff from the plots on the day of application or 7 d after application were not significantly different between litters from birds fed normal or low-phytate corn with or without phytase.
Recent research has also elucidated substantial differences in the nonphytate P (NPP) requirement of broilers versus that published by the National Research Council (1994). Yan et al. (2001) reported a requirement of 0.33% NPP for Cobb 500 male broilers from 3 to 6 when tibia ash percentage was the criterion. As industry may not typically feed in 3-wk intervals, Angel et al. (2000a,b) conducted a series of experiments to determine the NPP requirements of male Ross 308 broilers in a four-phase Abbreviation Key: FTU = phytase units; IND = birds fed a typical industry nonphytate P diet; IND+PT = birds fed a typical industry diet with reduced nonphytate P and supplemental phytase; LPA+PT = birds fed to the nonphytate P requirement that was reduced further with supplemental phytase and lpa 1-1 corn; NPP = nonphytate P; REQ+PT = birds fed to the nonphytate P requirement that was reduced further with supplemental phytase. feeding program. The NPP requirements were reported to be between 0.32 and 0.28% NPP (0.80% Ca) in the grower phase (18 to 32 d) based on growth and tibia ash. The NPP requirement in the finisher phase (32 to 42 d) was reported to be between 0.24 and 0.19% NPP (0.70% Ca), and in the withdrawal phase 0.11% NPP (0.61% Ca; 42 to 49 d of age). When considered together, the NPP requirement for broilers (Angel et al., 2000a,b; Yan et al., 2001 ) is considerably lower than published previously (NRC, 1994) .
For that reason, the question remains as to whether differences in litter soluble P in previous experiments might have been attributable to not feeding birds to the P requirement when phytase was included in the diet. Therefore, the objectives of this experiment were to evaluate the concentration of NPP fed, fungal phytase supplementation, and low-phytate (lpa 1-1) corn on broiler performance, bone mineralization, and the concentration and solubility of P in litter.
MATERIALS AND METHODS
Ross 308, male broilers were fed an industry (IND) diet, IND with reduced NPP and supplemental phytase (IND+PT), a diet that more closely met bird NPP requirements (Angel et al., 2000a,b; Dhandu et al., 2000; with NPP reduced further with supplemental phytase (REQ+PT), or a diet with lpa 1-1 corn Dietary formulations, as well as calculated and formulated nutrient analyses, are presented in Table 1 . The IND+PT diet followed industry recommendations for phytase supplementation with a 0.1% reduction in NPP. The REQ+P diet was formulated to bird NPP requirements with a reduction of NPP of 0.1% in the starter phase and 0.06 in subsequent phases. This more conservative reduction in NPP with an analyzed phytase supplementation of 600 phytase units (FTU)/kg diet is according to similar results of Angel et al. (2002) . The LPA+PT diet was formulated to bird NPP requirements with a 0.06% reduction in NPP as was done with the REQ+P diet in the starter, grower, and finisher phases. In the withdrawal diet, dietary NPP was met with the ingredients alone; therefore, phytase was not supplemented to the LPA+PT diet during the withdrawal phase.
Fungal phytase activities in the Natuphos premix were determined prior to formulation and were used for diet formulation.
3 Diet samples were collected after mixing and were frozen until analyzed. Diets were fed to six replicate pens of 39 birds per pen. Pen size was 3.7 m 2 , and litter was 11 cm of pine shavings. Bird BW and feed consumption by pen were determined at 17, 31, 42, and 49 d of age. Mortality was checked twice daily, and BW of birds that died were used to adjust feed consumption and feed-to-gain.
At 49 d of age, five birds per pen were randomly selected and euthanized with an overdose of CO 2 , and the left tibia and the middle toes from both feet were removed. Tibias and toes were then dried for a minimum of 24 h at 100°C, and fat was extracted for a minimum of 8 h with diethyl ether. Ash content of tibias and toes were then determined gravimetrically after ashing in a muffle furnace for 8 h at 600°C.
Litter samples were collected at 49 d of age from six predetermined points within each pen, blended, and frozen prior to analyses. Litter samples were lyophilized and then analyzed by pen for total P (Sands et al., 2001) and soluble P (Self-Davis and Moore, 2000) . Dietary P (Sands et al., 2001 ) and phytase 3 were determined colormetrically. Phytate extraction and HPLC phytate P form quantification was determined as described by Rounds and Nielsen (1993) and as modified by Newkirk and Classen (1998) .
All experimental data were analyzed statistically by analysis of variance using the general linear models procedure of SAS software 4 as factorial experiments with all statements of significance ≤ 0.05 unless indicated otherwise. Differences between diet means were determined using a Duncan means comparison when the significance of the model was ≤ 0.05. Pearson's correlations between P consumption and total and soluble P concentrations were determined utilizing the correlation procedure of SAS software.
RESULTS
Diet did not significantly affect broiler performance as measured by BW (Table 2) , feed consumption (5,388 g ± 55 to 49 d of age, mean ± SEM), feed/gain (1.799 ± 0.012 to 49 d of age, mean ± SEM), or mortality (mortality per diet at 49 d was = 6.52% ± 0.089, mean ± SEM). Similarly, tibia (51.18% ± 0.67, mean ± SEM) and toe ash (12.35% ± 0.24, mean ± SEM) were not significantly different among birds at 49 d of age (P > 0.20).
Cumulative P consumption and P consumption by period is presented in Table 3 . Differences between all diets were significant (P ≤ 0.05). Addition of phytase to the IND diet (IND+PT) reduced total P consumption to 49 d of age by 5.31 g. Formulation to bird requirements reduced total P consumption to 49 d of age by an additional 2.42 g, and formulation with lpa 1-1 corn reduced total P consumption an additional 1.05 g.
Litter total and soluble P concentrations are presented in Table 4 . Litter from broilers fed the IND diet was significantly higher (P ≤ 0.05) in total and water-soluble P concentrations (1.11 and 0.22% of DM, respectively) compared with litter from broilers fed IND+PT (0.84 and 0.14% of DM, respectively), REQ+PT (0.78 and 0.11% of DM, respectively), or LPA+PT (0.64 and 0.12% of DM, respectively). Litter water-soluble P concentrations were not significantly different among broilers fed Diet formulation of experimental diets fed to broilers during the starter (0 to 17 d of age), grower (17 to 31 d of age) 
DISCUSSION
Deciding what NPP concentration to formulate to is difficult due to a lack of clarity on what the P requirements are and the amount of phytate P liberated with supplemental phytase. In summarizing three battery trials (11 to 21 d or 12 to 22 d of age), Angel et al. (2002) noted a range of values to obtain a 0.1% sparing effect of NPP from 781 to 1,413 FTU/kg diet. In fact, when dietary Ca was fixed at 0.7%, the additional NPP spared with 500 FTU/kg diet averaged 0.065% (as calculated from additional toe ash obtained in comparison with graded concentrations of monocalcium phosphate). In the current experiment, dietary NPP was reduced by 0.1% in all phases in the IND+PT diet, whereas dietary NPP was reduced by 0.1% in the starter phase and by 0.6% in subsequent phases in the REQ-PT diet. When birds were fed more closely to their requirements with these assumed sparing levels with phytase supplementation, neither bird performance nor bone ash at 49 d of age was significantly affected. These results suggest, therefore, that broiler NPP formulations can be substantially reduced with supplemental phytase and formulation to bird requirements (a reduction of 7.73 g P per bird to 49 d and 3.0 kg BW). Additionally, when diets were supplemented with phytase and formulated 0.1% below a 'typical' industry diet (IND+PT), dietary P intake was 2.42 g higher than for birds fed REQ+P. The litter from the IND+PT birds, however, did not contain significantly higher total or soluble P concentrations litter than litter from birds fed REQ+PT diets.
The NPP fed in the current experiment with the REQ+PT and LPA+PT diets did not significantly affect bird performance or bone mineralization, thereby validating the four-phase NPP requirements reported for Ross 308 males by Angel et al. (2000a,b) , Dhandu et al. (2000) , and Ling et al. (2000) . In these reports, the carryover effect of previous phases was considered in developing the requirement data, which is not always the case across cited literature. Extrapolation of requirements as reported by these authors and in the current trial cannot be done directly with the 3-wk phases as reported by NRC (1994) or with other strains or genders. Other authors, however, have noted that the NRC (1994) NPP requirement is substantially higher than that required for overall performance in 3-wk phases. For example, Waldroup et al. (2000) reported that NPP could be reduced within an age period by 0.075% from 0 to 21, 21 to 42, and 42 to 56 d of age without adverse affects on broiler growth. The dietary reduction of NPP within each age period by 0.075%, however, did significantly reduce tibia ash at all ages. Yan et al. (2001) reported a requirement of 0.332% NPP for Cobb 500 male broilers from 3 to 6 wk of age when tibia ash percentage was the criterion.
Inclusion of lpa 1-1 corn in the current experiment did not significantly affect bird performance or bone mineralization when the lpa 1-1 corn was formulated into the diet based on its NPP contribution. This finding has been noted previously by Huff et al. (1998) and Waldroup et al. (2000) when lpa 1-1 corn diets were fed to broilers with or without supplemental phytase. Implementation of feeding programs to incorporate lpa 1-1 corn and supplemental phytase should be evaluated for economical and environmental benefits. In this experiment, for example, when lpa 1-1 corn was fed with Means in columns with no common superscripts differ significantly (P ≤ 0.05). supplemental phytase, the amounts of P, dicalcium phosphate, and phytase fed to 49 d of age were reduced by 1.05, 14.06, and 0.86 g as compared to birds fed supplemental phytase and fed to NPP requirements (REQ+PT). This resulted in litter with 0.14% less total P when birds were fed the LPA+PT versus the REQ+PT diets.
Increases in soluble P in runoff from litter from birds fed phytase as reported by DeLaune et al. (2001) raise the question of whether phytase is still active in the lower digestive tract or in the excreta. In studies with minipigs fitted with re-entrant cannulas, Rapp et al. (2001) reported that phytase activity in ileal digesta during the first 12 h after feeding was not significantly different among pigs fed diets with 818 FTU from Natuphos/kg DM, wheat-based diets containing 1,192 FTU/kg DM, or corn-SBM-based diets without exogenous phytase. Similarly, Jongbloed et al. (1992) noted negligible phytase activity in the terminal ileum in pigs fed 1,500 U A. niger phytase/kg diet. These results imply that any differences in soluble P in manure could not plausibly be attributable to dietary phytase. Rather, differences in microflora from the lower gastrointestinal tract or differences in litter conditions and litter microorganisms may initiate the release of P i and increase watersoluble P concentrations, as was observed by DeLaune et al. (2001) . Further, concentrations of soluble P in litters collected at 49 d of age in the current experiment were not increased with dietary addition of phytase or lpa 1-1 corn, nor were they increased when utilizing the industry standard practice of reducing the formulated value of NPP by 0.1% when supplemental microbial phytase was added to the diet.
In conclusion, dietary NPP formulations can be substantially reduced from industry averages without negatively affecting bird performance or bone mineralization at 49 d of age. When the concentration of P fed was reduced with supplemental phytase and lpa 1-1 corn, concentrations of total and water-soluble P in litter collected at 49 d of age was also reduced. Diets formulated with lpa 1-1 corn and fungal phytase reduced litter P concentrations from 1.11 to 0.64%. Water-soluble P concentrations in litter were not affected by the concentration of P fed relative to bird requirements when phytase was added to the diet.
